Embryonic stem cell-derived hepatocyte precursor cells represent a promising model for clinical transplantations to diseased livers, as well as for establishment of in vitro systems for drug metabolism and toxicology investigations. This study aimed to establish an in vitro culture system for scalable generation of hepatic progenitor cells. We used stable transgenic clones of murine embryonic stem cells possessing a reporter/selection vector, in which the enhanced green fluorescent protein-and puromycin N-acetyltransferase-coding genes are driven by a common alpha-fetoprotein gene promoter. This allowed for ''live'' monitoring and puromycin selection of the desired differentiating cell type possessing the activated alpha-fetoprotein gene. A rotary culture system was established, sequentially yielding initially partially selected hepatocyte lineage-committed cells, and finally, a highly purified cell population maintained as a dynamic suspension spheroid culture, which progressively developed the hepatic gene expression phenotype. The latter was confirmed by quantitative RT-PCR analysis, which showed a progressive up-regulation of hepatic genes during spheroid culture, indicating development of a mixed hepatocyte precursor-/fetal hepatocyte-like cell population. Adherent spheroids gave rise to advanced differentiated hepatocyte-like cells expressing hepatic proteins such as albumin, alpha-1-antitrypsin, cytokeratin 18, E-cadherin, and liverspecific organic anion transporter 1, as demonstrated by fluorescent immunostaining. A fraction of adherent cells was capable of glycogen storage and of reversible up-take of indocyanine green, demonstrating their hepatocyte-like functionality. Moreover, after transplantation of spheroids into the mouse liver, the spheroid-derived cells integrated into recipient. These results demonstrate that large-scale hepatocyte precursor-/hepatocyte-like cultures can be established for use in clinical trials, as well as in in vitro screening assays.
Introduction
Establishment of a hepatocyte-like in vitro differentiation system is a topical issue because of the need for a reproducible and accessible tool that could be used in early drug discovery and toxicology screening. Also, this system could feasibly serve as a source of hepatocytes for clinical transplantations into the diseased liver. However, there are certain requirements which should be fulfilled to achieve these goals: (a) an unlimited source of initial cell material is needed to ensure a routine large-scale generation of the required cells; (b) the generated cultures should be reproducible in terms of their hepatic-like functionality; and (c) the established system should allow for a highly efficient selection of hepatocytes.
Once the suitable hepatocyte-like cell model has been developed, it will have undisputable advantages over primary hepatocytes or established transformed hepatic cell lines as, for example hepatoma cells [1] . Although transplantation of isolated hepatocytes has been confirmed to be a low invasive intervention resulting in support of liver function, it is limited by shortage of sources of hepatocytes and also by a low level of expansion of transplanted cells in the host liver [2] [3] [4] [5] [6] [7] . In addition, primary hepatocytes rapidly dedifferentiate displaying a decline of liverspecific mRNAs (including those for many metabolic genes) and a progressive decrease of albumin secretion, suggesting loss of their functionality [8] [9] [10] [11] . Hepatic cell lines also show large differences compared to the in vivo situation. For instance, several cell lines obtained from hepatomas, while secreting albumin, lack the majority of drug-metabolising enzymes [12] . This restricts the application of both as screening in vitro test models.
In contrast to primary hepatocytes or hepatic cell lines, embryonic stem cell (ESC)-derived hepatocytes could represent a convenient material for both clinical trials and drug and toxicology tests, since they can be unlimitedly sourced by renewable and pluripotent ESCs. Protocols for their generation can be standard-ized, thus ensuring a high reproducibility of their functional characteristics. Although there are numerous studies on in vitro differentiation of hepatocytes from murine or human ESCs, in which certain hepatic features of the generated cultures have been assessed [13] [14] [15] [16] [17] [18] [19] , the main associated problems have not yet been solved, such as a relatively low yield of differentiated cells, heterogeneity of resulting cultures, as well as insufficient selection of target cells. The latter issue is especially important in terms of complete elimination of undifferentiated ESCs possessing a high risk of teratoma formation after autologous transplantation of the cultured cells or after their transplantation into immunosuppressed recipients [20, 21] .
A process leading to development of hepatocytes from the definitive endoderm of the ventral foregut begins at approximately embryonic day 8.5 (E8.5) in the mouse. Cardiac mesoderm signalling specifies the definitive endoderm to adopt a hepatic fate. Subsequent outgrowth of the hepatic endoderm, induced by the contact between the endoderm and the septum transversum mesenchyme results in the formation of the liver bud by E9.5, followed by proliferation and maturation of the liver throughout embryogenesis (for Review, see [22, 23] ). ESC aggregates (''embryoid bodies'' (EBs)) are capable of differentiating into all three germ layers including the endoderm, mesoderm, and ectoderm [24] , imitating the early steps of embryonic development. Cells of the outer rim of EBs were shown to resemble endodermal cells in regard to the expression of endodermal markers including alphafetoprotein (Afp) [25] [26] [27] [28] . The hepatocyte-like differentiation of the outer-layer Afp-expressing cells after their separation from EBs has been demonstrated [28] [29] [30] .
We previously generated hepatocyte precursor-and hepatocytelike cultures, using murine transgenic ESC clones that enable ''live'' monitoring and antibiotic selection of differentiating cells [31] . That study showed that the hepatocyte-committed cell fraction, which developed in the outer layer of EBs cultured in suspension, was able to form spheroids comprising proliferating cells. Once plated onto an adhesive matrix, the spheroids formed outgrowing colonies. This behaviour was similar to that of liver progenitor/stem cells [32] , and it was therefore of great interest to further investigate the spheroid cultures for their hepatocyte precursor features and, correspondingly, for their ability to differentiate into functional hepatocyte-like cells.
Another important issue to consider is the scale-up of hepatocyte-like cultures, especially in view of their application to clinical trials and in vitro screening. Currently, there are no approaches available that allow for a large-scale generation of purified hepatocyte-like cell populations. In the present study, we established a scalable dynamic cell system based on a mass culture of transgenic mouse ESCs, enabling production of highly purified hepatocyte precursor cells capable of further differentiating into hepatocytes.
Materials and Methods

Ethics Statement
All animal experimental procedures were approved by the State Office for Nature, Environment and Consumer Protection of North-Rhine Westphalia, Germany (LANUV NRW reference number 8.87-50.10.37.09.279) and were conducted under protocols approved by the Animal Care Use Committee of the University of Cologne and were in accordance with US National Institutes of Health Guidelines.
Transgenic ESC clones
The design of the reporter/selection vector called AFP-PIG (see schematic drawing in Figure 1A ) and the generation of stable transgenic ESC clones possessing this vector have been previously reported on in detail [31] . The vector contains the Afp gene promoter-enhancer driving both enhanced green fluorescent protein (eGFP) and puromycin N-acetyltransferase (Pac) genes connected via the Internal Ribosomal Entry Site (IRES) ensuring a separate translation of the corresponding proteins from a common mRNA. Briefly, the transgenic clones were produced by transfection of the vector into mouse ESCs of the line D3 [24] by electroporation. The transgenic cells or clones are hereafter referred to as ''AFP-PIG ESCs'' or ''AFP-PIG clones''. The results outlined below are generated from AFP-PIG clone 11, which has been used previously [31] .
Cultivation of AFP-PIG ESCs
AFP-PIG ESCs were stored in liquid nitrogen and then thawed and seeded onto a feeder layer of mitomycin-treated mouse embryonic fibroblasts for two days in Dulbecco's modified Eagle's medium (DMEM) containing 15% (v/v) fetal bovine serum (FBS), 0.1 mM MEM non-essential amino acids, 100 U/ml penicillin, 100 mg/ml streptomycin (all from Invitrogen, Eggenstein, Germany), 0.05 mM b-mercaptoethanol (Sigma-Aldrich, München, Germany), 500 U/ml leukemia inhibitory factor (LIF, ESGRO) (Chemicon International, Hampshire, UK), und 300 mg/ml G418 (Invitrogen). The culture underwent two further passages on the feeder layer in the above-described medium, according to the follows scheme: cells were seeded at a density of 11,000 cells per cm 2 and cultured for three days, and in the subsequent passage the cells seeded at 18,000 cells per cm 2 were cultured for additional two days. Cell colonies were dissociated with 0.25% trypsin-EDTA (Invitrogen) immediately before seeding.
Generation of EB mass culture. Monitoring and initial antibiotic selection of an eGFP-expressing cell fraction AFP-PIG ESC colonies were dissociated with 0.25% trypsin-EDTA. The single cell suspension containing 2610 6 cells in 10 ml of DMEM was transferred to bacterial Petri dishes (Greiner BioOne, Frickenhausen, Germany) placed on a shaker (reciprocating/ 20 mm/93 min 21 ) and incubated at 37uC and 5% CO 2 . From this step of the differentiation protocol onward, DMEM (referred to in the sections below as ''medium'') contained neither LIF nor G418 but was supplied with 20% (v/v) FBS. After 2 days EB formation on the shaker, a spinner flask (SF) EB culture was set up. 500-ml SFs with duopendulums (EBS Integra Bioscience, Ruhberg, Germany) were coated with sigmacote (Sigma-Aldrich) according to the manufacturer's protocol. EBs (25,000) in 250 ml medium per SF (four SFs in total) were maintained on a rotary magnet platform of the Cellspin Spinner system (EBS Integra Bioscience) at 37uC and 5% CO 2 for 7 days. The culture was rotated in alternating directions (4 rotations per direction) at 35 rpm. On day 3 after starting the SF culture, the culture medium was completely replaced with fresh medium. Three days later, half of the medium was changed, and a final complete medium change was performed on day 7. This time point was referred to as ''day 9'' of the EB mass culture, since it takes into account the initial 2 day culture on the shaker. Accordingly, EBs at this protocol stage were termed as ''9-day-old EBs''. To prevent hematopoietic differentiation (see ''Results''), the medium was supplied with 0.7 mg/ml rat tail collagen Type I (Invitrogen) for the entire 7-day-long EB maintenance in SFs. The EBs were then exposed to puromycin (Sigma-Aldrich) (5 mg/ml) for additional 3 days (the same puromycin concentration was used throughout the investigations described here). eGFP-fluorescent cells within EBs were monitored in a live mode under the fluorescent microscope Axio Observer, using the Axio Vision 4.8 software (both from Carl Zeiss MicroImaging, Jena, Germany) and the HQ-Longpass Filterset for Enhanced-GFP (AHF Analysentechnik, Tübingen, Germany). All microscopic observations described were performed using the same microscope and software; all filter sets used were from AHF.
To generate a reference static EB culture, the EBs formed during the shaker procedure were maintained as described previously [31] . Briefly, the culture was diluted to approximately 30 EBs per 1 ml medium and then incubated in square Petri dishes without shaking. Half of the medium was changed every 2 days. Nine-day-old EBs were concentrated to about 150 EBs per 1 ml medium and exposed to puromycin for 3 additional days. The culture was observed for development of eGFP-expressing cells as described above.
Spheroid culture procedure. Further puromycin selection of eGFP-expressing cells After the 3-day exposure of EBs to puromycin, the SFs were removed from the magnet platform and, after the EBs sedimented over several minutes, the medium was aspirated until 50 ml remained per SF. The EB suspension samples were then transferred to 50-ml Falcon tubes and centrifuged at 1000 rpm for 3 minutes. After aspiration of the supernatant, each pellet was re-suspended in 8 ml of pre-warmed 0.1% Worthington collagenase Type 2 solution (Cell Systems, St. Katharinen, Germany) in phosphate buffered saline (PBS) (Invitrogen) containing 0.02 mM CaCl 2 and 80 mM MgCl 2 . The samples were incubated on a shaker (reciprocating/20 mm/150 min
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) at 37uC for 10 minutes, gently re-suspended, and 42 ml of medium per sample was added to dilute the enzyme. The cells were then centrifuged at 1000 rpm for 4 minutes, re-suspended in 10 ml medium and filtered through 100-mm pore nylon cell strainers (BD Biosciences, Heidelberg, Germany) to remove any non-dissociated EBs. Cell aggregates passing through the filters (referred to as ''0-day-old spheroids'') were placed in SFs filled with 100 ml medium each. The culture was then rotated in a single direction at a velocity of 25 rpm at 37uC and 5% CO 2 . One day after starting the spheroid SF procedure, puromycin was added to the medium. Spheroid formation and growth were monitored by light and fluorescent microscopy. A reference static EB culture was treated with collagenase and filtered through 100-mm pore cell strainers. The resulting cell aggregates were maintained in Petri dishes without shaking and treated with puromycin in the same way as the spheroid culture in SFs. For quantitative estimation of spheroid growth, the diameter of 50 cell aggregates/spheroids was measured for each culture type on day 0 and then on days 1, 2, and 3 of the spheroid culture, using the Axio Vision 4.8 software. The respective average spheroid diameters were calculated. Statistical evaluation was performed by means of data of three independent cultures maintained in spinner flasks or in Petri dishes, using IBMH SPSS software, version 20. Student's unpaired t-test was performed, and values of p,0.05 have been considered to indicate statistical significance.
Generation and monitoring of adherent spheroid-derived cultures
Two-day-old spheroids were plated onto cell culture plates coated with rat tail collagen Type I (Invitrogen) monolayer according to the manufacturer's protocol. The culture was maintained for 2 days in puromycin-containing medium at 37uC and 5% CO 2 . The drug was then washed out and the adherent culture was maintained further under the same conditions for various time periods. The morphology of outgrowing colonies was continuously observed by light microscopy, and eGFP fluorescence was monitored using the HQ-Longpass Filterset for Enhanced-GFP.
Isolation and culture of primary mouse hepatocytes
Primary hepatocytes were isolated from 8 to 12 week old male C57BL6/N mice (Charles River, Sulzfeld, Germany), using a collagenase Type 2 perfusion method, and maintained on collagen Type I-coated plates as described by Godoy et al. [10] . Briefly, isolated hepatocytes were plated in a 12-well culture plate at a density of 4610 4 cells/cm 2 in Williams' medium E (Pan-Biotech, Aidenbach, Germany) supplied with 2 mM L-glutamine, 100 U/ ml penicillin, 100 mg/ml streptomycin, 10% (v/v) FBS (Invitrogen), and 100 nM dexamethasone (Sigma-Aldrich). Four hours after attachment, the cells were washed three times with Hank's Balanced Salt Solution (HBBS) (Invitrogen) and incubated overnight in serum-free Williams' medium E containing Lglutamine, penicillin, streptomycin, and dexamethasone.
Quantitative real-time polymerase chain reaction
Total RNA was extracted from ESCs, eGFP-expressing cell aggregates immediately after their separation from EBs by collagenase treatment (0-day-old spheroids), from 2-day-old spheroid cultures and 12-day-old spheroid-derived adherent cultures, and from fetal (E14) and adult (10 weeks old) liver. RNeasy Plus Micro Kit (QIAGEN, Hilden, Germany) was used for RNA isolation (including DNase treatment) according to the manufacturer's instructions. Four separate RNA isolations were performed for each type of cell culture and for both reference liver tissues. RNA samples were analysed for expression of the following genes: forkhead box A2 (Foxa2), alpha-fetoprotein (Afp), albumin (Alb), liver-specific organic anion transporter 1 (lst-1), tyrosine aminotransferase (Tat), cytochrome P450, family 7, subfamily a, polypeptide 1 (Cyp7A1), and multidrug resistance-associated protein 2 (Mrp2). RNA was reverse-transcripted with the Moloney murine leukaemia virus reverse transcriptase (Sigma-Aldrich) and random hexamer primers (QIAGEN). Real-time quantitative PCR (qRT-PCR) was performed using Applied Biosystems' Real-Time PCR 7500 Fast System (Life Technologies, Darmstadt, Germany). Triplicates of 10 ml samples contained 5 ml TaqManH Fast Advanced Master Mix, 0.5 ml TaqManH Gene Expression Assays (both from Life Technologies), and a cDNA volume corresponding to 100 ng of the RNA template per sample. The thermal cycling profile was as follows: polymerase activation (Holding Stage) at 95uC for 20 seconds followed by 40 cycles of 95uC for 3 seconds and 60uC for 30 seconds. Threshold cycle numbers (C T ) measured were normalized to those for hypoxanthine guanine phosphoribosyl transferase (Hprt) and TATA box binding protein (Tbp) as reference genes. PCR data were analysed using the 2 2DCT method [33] and their statistical evaluation was performed with help of IBMH SPSS software, version 20. The Mann-Whitney-U test for unpaired samples was carried out and values of p,0.05 were used as a criterion of statistical significance.
Alternative gene designations and their Entrez Gen data base IDs, as well as corresponding TaqManH Gene Expression Assays are listed in Table S1 .
Fluorescent immunoassay for marker proteins
Spheroid-derived 5-day-and 12-day-old adherent cultures and primary hepatocytes were washed with PBS containing 0.9 mM Ca 2+ and 0.5 mM Mg 2+ and fixed with 4% paraformaldehyde (PFA) in PBS (the 16% stock PFA solution was purchased from Polysciences Europe, Eppelheim, Germany). After washing with PBS, cells were permeabilized for 10 minutes in a solution of 0.5 M NH 4 Cl and 0.25% Triton X-100 (both from Applichem, Darmstadt, Germany) in PBS. Cultures were then washed with PBS and treated with Image-iTH FX signal enhancer (Invitrogen) for 30 minutes at room temperature to quench autofluorescence. Non-specific binding sites were blocked with 1:10 RotiH-ImmunoBlock (Carl Roth, Karlsruhe, Germany)/H 2 O solution for 1 hour at room temperature. Afterwards, the samples were incubated with primary antibodies overnight at 4uC: goat polyclonal anti-Alb (albumin) IgG (1:50), goat polyclonal anti-Aat (alpha-1-antitrypsin) IgG (1:50), goat polyclonal anti-CK-18 (cytokeratin-18) IgG (1:100), goat polyclonal anti-Ecad (E-cadherin) IgG (1:100), and goat polyclonal anti-lst-1 (liver-specific organic anion transporter 1) IgG (1:100). All primary antibodies used were from Santa Cruz Biotechnology (Heidelberg, Germany). The antibody dilutions were prepared in a RotiH-ImmunoBlock/PBS (1:100) solution. After washing out the primary antibodies, Alexa FluorH 555-conjugated donkey anti-goat IgG (Invitrogen) diluted 1:1000 in PBS was added for 1 hour at room temperature in darkness. The cultures were then washed with PBS and stained with Hoechst 33342 for cell nuclei for 7 minutes at 37uC. Alexa FluorH 555 fluorescence was observed using the HQ-Filterset for Cy3 and nuclei were detected with the Filterset for DAPI, Hoechst.
Cryosections of liver tissue with a thickness of 5 mm were prepared as described below (see ''Transplantation of spheroids and monitoring of intrahepatic engraftment''). The cryosections were then transferred to glass object slides, air-dried and rehydrated with PBS. Non-specific binding sites were blocked with 5% donkey serum (Sigma-Aldrich), and the sections were then incubated with monoclonal rat anti-Ecad antibody (TaKaRa, Saint-Germain-en-Laye, France) (1:100) at 37uC for 1 hour. After washing with 0.05% Tween 20 in PBS, the primary antibody was detected by application of Cy3-conjugated donkey anti-rat IgG (Dianova, Hamburg, Germany) (1:50) at 37uC for 1 hour in darkness. Cell nuclei were visualized by Hoechst 33342 staining. Cy3 fluorescence was detected using the HQ-Filterset for Cy3, and nuclei were observed with the Filterset for DAPI, Hoechst.
Alternative designations of proteins analysed and their UniProt data base IDs are listed in Table S2 .
Detection of glycogen storage in spheroid-derived adherent cultures
Adherent spheroid-derived cultures were fixed with 4% PFA, washed twice with distilled water and then stained for glycogen using the Periodic acid-Schiff Kit (Sigma-Aldrich) according to manufacturer's instructions. After washing with PBS, cultures were counterstained with hematoxylin. Observations were carried out using light microscopy.
Monitoring of indocyanine green up-take and release in adherent cultures
Indocyanine green (ICG) (Sigma-Aldrich, defined as ''Cardiogreen'') was dissolved to 25 mg/ml in DMSO and then diluted in DMEM to 1 mg/ml. After aspiration of medium in wells containing spheroid-derived colonies, the ICG/DMEM solution was added for 1 hour at 37uC and 5% CO 2 . ICG was then removed by washing with medium, and light microscopy images were taken immediately. The cultures were next incubated in medium for additional 6 hours under the same conditions as before. Light microscopy observation for ICG release was then carried out.
Detection of undifferentiated ESCs in EB and spheroid cultures
Puromycin-treated 9-day-old EBs and 2-day-old spheroids were tested for the presence of undifferentiated ESCs using the ''feeder test'', as described previously [31, 34] . Briefly, the cultures were dissociated with TrypLE TM Select (Invitrogen), washed once with medium, re-suspended and seeded onto a fibroblast feeder layer at a density of 10,000 cells per cm 2 (200,000 cells in total) for 2 weeks under conditions typically used for propagation of ESCs. The cultures were microscopically monitored for the appearance of ESC colonies.
Transplantation of spheroids and monitoring of intrahepatic engraftment
Male 129S2/SvPasCrl wild type mice were purchased from Charles River (Sulzfeld, Germany). The animals were housed at a constant temperature (22uC-23uC) with a 12 hour light-dark cycle and free access to regular chow and water. Six-week-old mice were treated with the DNA-alkylating reagent retrorsine (SigmaAldrich) (30 mg/kg body weight, intraperitoneally) 4 and 2 weeks prior to transplantation to impair hepatocyte proliferation in the recipients' liver. For transplantation, animals were anesthetized using carprofen (Pfizer, Berlin, Germany) (50 mg/kg body weight) and isoflurane (DeltaSelect, Dreieich, Germany). After 1/3 partial hepatectomy, spheroids that had been suspended in 200 ml medium (approximately 0.5610 6 cells per sample) and then partially dispersed using a 200 ml pipette were injected into the spleen. Sham-operated mice receiving medium alone served as negative controls. Mice were sacrificed 1 or 2 weeks after cell transplantation. Dissected livers were fixed with 4% neutralbuffered formaline (Carl Roth) for 4 hours and then embedded in 30% sucrose (Sigma-Aldrich) overnight. Finally, the liver tissue was snap frozen in liquid nitrogen and stored at 280uC. Cryosections with a thickness of 5 mm were microscopically evaluated for engraftment of eGFP-positive cells, using the HQLongpass Filterset for Enhanced-GFP.
Results
Differentiation and pre-selection of hepatocytecommitted cells in dynamic EB cultures
In this study we used stable transgenic mouse ESC-derived cell clones possessing the reporter/selection vector AFP-PIG, in which eGFP and puromycin-resistance (Pac) genes are driven by a common Afp gene promoter-enhancer. Since Afp is expressed in embryonic endoderm and, at a high level, in fetal hepatocytes from the early stages of liver embryogenesis onward [35, 36] , the use of the transgenic AFP-PIG cell clones enabled the tracking of their hepatic lineage differentiation from the on-set of Afp expression through to later development stages.
In order to efficiently generate hepatocyte-committed cells possessing eGFP and puromycin resistance, we established an SF EB culture following the initial EB formation in a suspension mass culture of AFP-PIG ESCs on a shaker. The number of EBs on day 2 of the shaker culture was typically 40,000-60,000, derived from 2610 6 original ESCs placed in 10 ml of medium in a Petri dish (estimated from 13 experiments). Aliquots of 25,000 EBs were transferred to each SF for further culture. We discovered that the EBs were highly sensitive to culture conditions in SFs, which significantly complicated the establishment of a suitable protocol. We tested various culture parameters, such as medium volume per SF, EB density, mono-or bidirectional rotation mode, and rotation velocity. Although EBs grew in SFs and eGFP-positive cells were already evident by day 5, we frequently observed the appearance of EBs containing reddened cell areas. This is in line with the data suggesting stimulation of differentiation of mesoderm-derived haematopoietic-like cells in a three-dimensional spinner culture of mouse ESCs [37] . In this case, further enrichment of the culture with the eGFP-expressing cell fraction failed. Addition of 0.7 mg/ml collagen Type I to culture medium from the first day of the SF protocol for the remainder of the culture period, combined with the optimized rotation regime described in ''Materials and Methods'', prevented the development of the presumably haematopoietic cells and caused a visual increase in the number and fluorescence intensity of eGFP-positive cells within EBs.
By day 7 of the SF culture (equivalent to 9-day-old-EBs, see ''Materials and Methods''), the percentage of EBs containing eGFP-expressing cells predominantly in their outer rim ( Figure 1B , left panel) typically reached 60% to 90% of the total EB number. This was similar to the number of eGFP-positive EBs cultured in Petri dishes, estimated in our previous study [31] and reproduced again in the reference static EB culture during this study; no EB loss was observed (data obtained on 4 cultures). Also, average sizes of 9-day-old EBs in the dynamic and static cultures were similar. EBs in SFs were somewhat more uniform in terms of their size and did not form clumps as it was with some EBs in Petri dishes. After puromycin treatment of EBs for additional 3 days, eGFPfluorescent cell clusters abruptly expanded in the background of massively dying eGFP-negative cells ( Figure 1B, right panel) . Death of cells not expressing eGFP has been confirmed in our previous experiments by treatment of EBs with propidium iodide [31] . To assess the efficiency of the selection procedure at the EB protocol step (referred to as ''pre-selection''), we carried out the ''feeder test''. Two weeks after seeding 200,000 EB-derived cells on a fibroblast feeder layer, 120 to 370 ESC colonies were detected (data from 3 independent EB cultures), revealing the presence of 0.06-0.19% undifferentiated ESCs in the cell samples seeded. This suggested an effective elimination of undifferentiated ESCs in the course of the pre-selection procedure.
Culture of selected eGFP-expressing cells, growing as spheroids in spinner flasks
To generate hepatic progenitor cells, we established an optimal method for collagenase treatment of EBs after their exposure to puromycin, as well as an appropriate protocol for generating and culturing spheroids in SFs. After collagenase separation of eGFPexpressing cell clusters from EBs, the resulting cell aggregates were maintained in SFs in the presence of puromycin. Microscopic observations revealed that spheroid grew over time in culture (Figure 2A) , suggesting that cells proliferated within the spheroids. The diameters of spheroids maintained in SFs and, for comparison, in Petri dishes (static culture) were measured on day 0 (i.e., eGFP-expressing cell aggregates immediately after their separation from EBs) and then on days 1, 2, and 3 of the culture. We observed that spheroids in SFs possessed a significantly higher growth capacity than those in Petri dishes: on day 2, the average diameter of ''dynamic'' spheroids exceeded 2-fold that of ''static'' spheroids (see corresponding diagrams in Figure 2B ). Many spheroids measured 300-400 mm in diameter and were comparable to 9-day-old EBs.
The total number of spheroids produced from one culture typically ranged from 2,000 to 3,000 (counted for 5 cultures). Taking into account that 4610 6 ESCs were required to generate 100,000 EBs for 1L EB culture in 4 SFs, the output of spheroids was 500 to 800 per 1610 6 original AFP-PIG ESCs. The same quantity of ESCs yielded in static condition 150 to 200 spheroids (data from 6 cultures), indicating approximately 2.5 to 5 fold less output. Given that spheroids in SFs were, in average, about 2-fold larger than those in Petri dishes, this suggested a 5 to 10 fold higher final yield of spheroid cells displaying features of hepatocyte precursors (see below) in dynamic spheroid cultures as compared to static ones.
To quantify the efficacy of puromycin selection/purification procedure, we disassembled 2-day-old spheroids with TrypLE TM Select and seeded the resulting single cell suspension (200,000 cells in total) onto a fibroblast feeder layer in the same way as for puromycin-treated EBs. Two weeks after seeding, only 1 to 6 ESC colonies were observed (data from three spheroid cultures), equating to 0.0005-0.003% ESCs that were present in the cell suspension seeded. When compared with the result of the ''feeder test'' on EBs treated with puromycin for 3 days (see the section above), this shows that the exposure of spheroids to puromycin resulted in a further high-degree selection/purification of the target culture.
Gene expression profile of spheroid cultures
Based on eGFP expression and on the proliferation behaviour of cells within spheroids, together with our preliminary data on the expression of several hepatic marker genes in spheroid cultures (data not published), we assumed that these cells represent a population of hepatocyte precursors. To confirm this, we carried out RNA analysis of 0-day-and 2-day-old spheroids by qRT-PCR. For comparison, RNA isolated from ESCs and from fetal and adult liver was analysed.
As shown in Figure 3 , expression of Foxa2, which is required for determination of the definitive endoderm and maintenance of the endodermal lineage and also for gene regulation in hepatocytes [38] [39] [40] [41] , was already strongly up-regulated in eGFP-positive cell aggregates (i.e., 0-day-old spheroids) immediately separated from puromycin-treated EBs. The expression level remained unchanged by day 2 of the spheroid culture and was comparable to that in fetal and in adult liver. In 0-day-old spheroids, Afp expression was markedly higher (approximately 80,000-fold) than in ESCs but was of the same level as that in fetal liver cells. The Afp transcription value remained constant during further 2 days of culture. These data again confirmed the hepatocyte lineage commitment of the eGFP-positive cell fraction isolated from puromycin-treated EBs.
In 0-day-old spheroids, the gene coding for Alb, the main secreted liver protein [42, 43] , was expressed at a much higher level than that in ESC cultures and was further up-regulated by day 2 of the spheroid procedure. The transcription of this gene in 2-day-old spheroids was about 7-fold lower than that in fetal liver. The difference between the Alb expression level in spheroid culture on day 2 and in adult liver was much more pronounced (approximately 360-fold). The genes encoding the anion transporter lst-1 specifically synthesized in hepatocytes and responsible for the majority of hepatic uptake of chemicals [44, 45] and the mature hepatocyte marker, Tat [46] [47] [48] , were only marginally upregulated before the start of the spheroid culture (day 0). After 2 days of the culture, expression of both genes was increased by approximately 70 fold, the levels being higher than those in fetal liver (approximately 40-fold and 20-fold for lst-1and Tat, respectively), but still remained at lower levels than in adult liver. Expression of the liver-specific cytochrome Cyp7A1 gene (with low expression in fetal liver but high expression in adult hepatic cells [46] ) in eGFP-positive cell aggregates, which had been immediately separated from puromycin-treated EBs, was approximately 10% of the level in fetal liver. By day 2 of the spheroid culture, the Cyp7A1 expression increased to the same level as measured in fetal liver tissue. We also analysed the gene expression of Mrp2, the member of the multidrug resistance protein subfamily, localized exclusively to the apical (canalicular) membrane domain of polarized cells, such as hepatocytes (for Review, see [49] ). Mrp2 plays an important role in the elimination of phase II biotransformation products from hepatocytes into bile and its expression is much stronger in adult than in fetal liver [50] . The Mrp2 expression in spheroids appeared to be activated over 2 days and exceeded the level in ESCs by approximately 600 fold. Moreover, the level of the Mrp2 expression in 2-day-old spheroids reached a value very similar to that in adult liver.
These data indicate that the hepatic lineage-committed cell population, which had been selected from the rotary EB cultures, progressively developed the hepatic gene expression phenotype when maintained as a dynamic suspension spheroid culture. The fact that, on the one hand, the Foxa2, Afp, and Cyp7A1 expression in spheroid cultures was essentially equal to that in fetal liver and, on the other hand, genes representing advanced differentiated hepatocytes, such as Alb, lst-1, and Tat, were significantly upregulated after 2 days spheroid culture but remained expressed at lower levels than in adult liver tissue, suggests that the spheroid culture represented a hepatocyte precursor cell population likely comprising a fraction of fetal liver-like cells. The apparent activation of Mrp2 expression in spheroids (almost to levels in adult liver) might be a sign of the appearance of advanced hepatocyte-like cells.
Development of hepatocyte-like cells in spheroid-derived adherent cultures
To investigate whether the cells generated and selected in spheroid cultures possessed a capability to differentiate into hepatocyte-like cells, we plated 2-day-old spheroids onto collagen Type I-coated plates. During the course of subsequent maintenance on the collagen matrix, spheroids formed expanding colonies ( Figure 4A ), again confirming the proliferation behaviour of spheroid-derived cells. eGFP fluorescence decreased as the colonies grew, temporary correlating with down-regulation of puromycin resistance. Thus, a prolonged exposure of the adherent culture to puromycin led to a massive death of eGFP-negative cells from day 3 to day 4 of the culture onward. As both the eGFP gene and the puromycin resistance cassette are driven by the common Afp gene promoter, this observation suggested down-regulation of the Afp gene activity, most probably reflecting a gradual progress of cell maturation. This conclusion is supported by the data on qRT-PCR analysis of 12-day-old spheroid-derived adherent cultures, which revealed a strong (about 450-fold, p = 0.02) down-regulation of Afp expression as compared to 2-day-old spheroids (data from 3 cultures, not shown).
We analysed expression of hepatic proteins in adherent cultures by fluorescent immunostaining. As shown in Figure 4B , as early as 5 days after plating spheroids, many cells within the colonies stained positively for Alb, Aat (hepatic positive acute-phase protein [51, 52] ) and CK-18, the main Type I cytokeratin in differentiating hepatic cells [53, 54] . Cytoplasm proteins, Alb and Aat, were diffusely spread across the cells (with a higher protein density around cell nuclei in the case of Aat), and CK-18 staining was of a typical intermediate filament pattern. Also, expression of the general adhesion marker protein of epithelial cells, Ecad [55, 56] , which is synthesized in liver biliary cells and periportal hepatocytes [56] and also in liver stem cells [57] , was already detectable in 5-day-old colonies (see the left Ecad panel). By day 12 of the adherent culture, Ecad displayed a defined network formed by the 
of single genes in particular culture and tissue types, qRT-PCR data are displayed for each gene separately using a logarithmic scale on the y-axes. Mean relative gene expression values 6 standard error of the mean (SEM) are plotted. For a better overview, the mean values are additionally listed in tables below the diagrams. Abbreviations ESC, Spher d0, Spher d2, FL, and AL refer to undifferentiated ESCs, 0-day-old and 2-day-old spheroids and to fetal and adult liver, respectively. Statistical significance of the PCR data was evaluated using IBMH SPSS software. Symbols (*), (**) or (***) depict a statistically significant (p,0.05), a highly statistically significant (p,0.01) or an extremely statistically significant (p,0.001) difference in gene expression values, respectively. In control reverse transcription-negative samples and in none-template-containing blank samples, no PCR products have been detected (data not shown). doi:10.1371/journal.pone.0044912.g003 protein localized to cell membranes (right Ecad panel). This was observed predominantly in colony regions containing clusters of cells with tight connections to each other. Expression of lst-1 was also evident at this developmental stage of the culture, appearing as an intracellular ''dot'' motif ( Figure 4B, right bottom panel) . This is in line with the previously published data showing that in mice, lst-1 mRNA expression is already present in fetal liver, and the protein is localized intracellularly before expressed on the plasma membrane. The latter is evident by postnatal day 29 [58] (for Review, see [59] ). In a reference culture of primary hepatocytes, both types of lst-1 distribution were observed ( Figure 4B, panel e) .
In general, the above-described expression patterns of the proteins analysed were similar to those in primary hepatocytes cultured on collagen-coated plates ( Figure 4B, panels a-c, e) or in liver tissue (panel d). Also, bi-and polynucleated cells were evident. These data support the conclusion that the spheroids exhibit advancing hepatic differentiation within outgrowing colonies, which correlated well with the decrease in the Afp gene activity.
Hence, the immunostaining analysis confirmed the capability of spheroids to give rise to advanced differentiated hepatocyte-like cell populations expressing hepatic proteins reflective of adult hepatocytes. This also strongly supports the hepatocyte precursor character of cells differentiated and selected in spheroid cultures, based on their qRT-PCR analysis.
Glycogen storage and indocyanine green uptake in adherent cultures
To evaluate further the spheroid-derived adherent cultures for their hepatic-like functionality, we stained 12-day-old cell colonies with Periodic acid-Schiff reagents to examine whether cells within the colonies stored glycogen. Glycogen-containing granules were detected not only in a number of single cells but also in cell groups or clusters ( Figure 5A ). In addition, cells or cell areas were able to reversibly take up ICG ( Figure 5B ). These findings are reflective of the functional features of native hepatocytes [60] [61] [62] [63] and thus confirm appearance of cells featuring hepatocyte-like functionality in the adherent spheroid-derived cultures.
Engraftment of spheroid cells in liver tissue
To investigate whether hepatocyte precursor cells selected in spheroid cultures are able to integrate into liver tissue, we transplanted 2-day-old spheroids into the partially hepatectomized mouse liver. One and 2 weeks after transplantation, animals were sacrificed and liver sections were evaluated for the presence of eGFP-expressing cells. Since the relatively small (about 30 kDa) eGFP molecules unspecifically translocate to some extent to the nucleus [64, 65] , the engrafted cells could be particularly detected upon green fluorescence of their ''thick'' nuclei. In intensively fluorescent cells, also a thin layer of eGFP-positive cytoplasm was observed. Owing to the use of the HQ-Longpass Filterset for Enhanced-GFP, one could recognize eGFP-positive cells in the background of ''snuff-coloured'' autofluorescence of recipient liver tissue.
At both above-mentioned time points, a number of single eGFP-expressing cells and even small clusters of such cells were detected in dozens of sections prepared from different parts of livers (data from three experiments, exemplified in Figure 6A ). As can be recognized in the images, some of these cells were aligned along sinusoids or portal vein branches. Fluorescent immunostaining of liver sections for the epithelial-specific protein, Ecad, confirmed its presence in membranes of the engrafted cells, with a motif similar to that in other surrounding hepatocytes ( Figure 6B ). The Ecad expression pattern in eGFP-expressing cells, taken in relation to that in neighbouring hepatocytes, suggested that these cells integrated into surrounding tissue. As with native liver hepatocytes, one or two round nuclei were present in the engrafted cells. These findings pointed out that the integration of the spheroid-derived cells into recipient liver was accompanied by development of their hepatocyte-like features.
We did not detect any tumors in numerous liver sections observed microscopically one and two weeks after transplantation. But, as the 2-day-long exposure of spheroids to puromycin did not result in a complete elimination of undifferentiated ESCs (upon feeder test, 0.0005-0.003% ESCs remained in the culture), we believe that we would probably detect some tumors after a longer period of time. Further improvement of purification procedure is on our agenda for the next future.
Taken together, we can show that by applying the established dynamic EB and spheroid approaches, a population of hepatic lineage cells can be generated and selected, which displays both hepatic progenitor-and fetal hepatocyte-like features. This evidence was confirmed by the ability of the generated cell population to develop hepatic phenotype in both in vitro and in vivo conditions.
Discussion
In this study we have established scalable suspension dynamic EB and spheroid cultures yielding hepatocyte-committed cells and, sequentially, a population of hepatocyte progenitor and(or) of fetal hepatocyte-like cells that feature the progressively developing hepatic gene expression phenotype and capacity to further differentiate into advanced hepatocyte-like cells and to integrate into recipient liver tissue. There is increasing evidence that stem and progenitor cells are highly suitable for cell transplantation and tissue engineering of bio-artificial organs [66] [67] [68] . In addition, under appropriate culture conditions, these cells give rise to differentiated tissuespecific cell populations, which can be introduced as in vitro models for drug and toxicology testing [69] (for Review, see [70] ). In particular, hepatocytes generated from ESCs could be routinely used to preclinical screen candidate substances for development of new therapeutic drugs [70] . This will have a prominent advantage over approaches implicating primary hepatocytes, immortalized cell lines, liver slices, and whole, perfused livers [71] (for Review, see [72] ). Furthermore, in vitro produced ESC-derived hepatocyte precursors capable of efficient liver re-population because of their high proliferative capacity represent a promising transplantation material for prospective clinical trials. ESCs, in addition to their unlimited renewability and plasticity [73] , are highly permissive in regards to genetic manipulations, allowing for their reliable stable transfection with transgenes possessing ''live'' monitoring and(or) selective markers under control of a tissue-specific gene regulatory sequence (promoter-enhancer) that becomes activated in the course of cell differentiation [70, 74] . This facilitates optimisation of culture protocols and also enables lineage selection of target cells -both attributes that are highly important for cell transplantation or establishment of in vitro pharmacological and toxicological screening systems.
Until now, attempts to maintain murine ESC-derived hepatocytes were mostly based on the use of two-or three-dimensional adhesive matrixes in a combination with appropriate media compositions or of co-culture systems promoting hepatic cell phenotype, with or without EB generation as a first step of the respective differentiation protocols (see, for example, [13] [14] [15] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] ). Although a lot of important data were obtained in these studies, providing evidence for the feasibility of the ESC system as a source of in vitro generated hepatic cells and thus promoting significant advances in this area, there are no reports of the successful establishment of highly purified scalable cultures of hepatocyte precursors or advanced hepatocyte-like cells.
Carpenedo and co-workers [85] demonstrated that a rotary suspension culture enhances the efficacy, output, and homogeneity of EB differentiation in relation to a static condition. Using transgenic ESC clones possessing the above-described reporter/ selection gene construct, we established a dynamic spinner flask EB culture yielding hepatocyte lineage-committed cells, which are recognizable by their ''live'' eGFP fluorescence. Massive death of cells not expressing eGFP, concomitant with the expansion of eGFP-positive cells in the presence of puromycin, demonstrated efficiency of the drug pre-selection procedure used. To select and purify further the desired cell population, we next introduced a dynamic suspension spheroid culture as a ''post-EB'' threedimensional mode. The spheroids were formed by eGFPexpressing cells separated from the puromycin-treated EBs. Analysis of RNA isolated from these spheroids revealed expression of hepatic genes. Up-regulation of Alb, lst-1, Tat, Cyp7A1, and Mrp2 in the course of spheroid culture pointed to a progressive development of the hepatic gene expression phenotype in spheroid cells. Our conclusion that this process reflected the formation of a precursor/early hepatocyte-like cell population similar to liver fetal cells is supported by the fact that once placed into an adherent format, spheroids gave rise to expanding colonies, which expressed hepatic proteins with a pattern similar to that in primary hepatocytes, thus imitating the behaviour of the spheroid culture of fetal liver cells [32] . The ability of a number of cells within the adherent colonies to store glycogen and reversibly take up ICG suggested the appearance of functional hepatic cells. Since the expression of Afp declines to a low level in adult hepatocytes [86] , the observed decrease in eGFP fluorescence (reflecting downregulation of the Afp gene) along with the colony growth represents an additional indication of cell maturation.
It has been confirmed previously that the cellular morphological changes and cell-cell interactions caused by the spheroid formation are key factors promoting the expression of liver-specific functions in spheroid cultures generated from mouse fetal liver cells [32, 87] . In line with this, enhanced differentiation of adult bone marrowderived stem cells to liver lineage in a three-dimensional aggregate culture in comparison to adherent monolayer cultures has been demonstrated [88] . Taking into account that no special medium or substances facilitating hepatic differentiation were applied in our experimental set, we assume that a similar mechanism significantly contributed to the liver fetal cell-like differentiation of spheroid cells. The three-dimensional spheroid cell ''community'' made obvious advances in terms of apparent activation of genes coding for proteins essential for important hepatocyte functions.
Further notable features of the spheroid cultures were their proliferative capacity and, as shown in experiments on spheroid transplantation, their ability to engraft into liver tissue and, similarly to native dividing hepatocytes in regenerating liver [89] , to align along sinusoids. The latter is also in line with observations on engraftment of isolated mouse fetal liver cells in recipient liver [90] , thus additionally proving the hepatocyte precursor/fetal hepatocyte-like character of the generated spheroid cultures. Similarly to transplanted fetal liver cells [90] , the spheroid cells, which engrafted in hepatectomized liver where cells are stimulated to undergo mitosis [91, 92] , most probably maintained proliferative capacity accompanied by Afp expression [89, 93] . This led to ongoing expression of eGFP under control of the Afp gene promoter.
Importantly, the established dynamic EB and spheroid procedures enabled a highly efficient lineage selection of target cells based on their progressive hepatocyte-specific differentiation.
Our preliminary data suggest a possibility to scale up the spheroid culture and completely eliminate undifferentiated ESCs, as well as to advance cell differentiation and maturation processes. It is also of importance to investigate the capability of spheroid cultures, which would have been completely purified from undifferentiated ESCs, to eventually re-populate injured liver without tumor formation over a long observation period. These experiments are in progress and their expected results are of a prospective clinical relevance because of the need of highly purified transplantable ''young'' hepatocyte-like cells that lack teratoma formation potential after their integration into the recipient liver.
In context of future prospects for cell therapy, for example for clinical transplantations, the transgenic cells might potentially possess a risk of triggering immune system response of a recipient by products of transgenes. But, since the selected spheroid cells are capable of further hepatic differentiation, the spheroid-derived grafts would most probably develop to advanced or mature hepatocyte cell populations. This would lead to a significant decrease in activity of the Afp promoter driving both eGFP and Pac cassettes [86] , resulting in reduction or even prevention of the immunological response.
We believe that the dynamic culture system reported herein will contribute to the establishment of a large-scale production (e.g., in a bioreactor mode) of hepatocyte-like cultures, which could be used in clinical trials, as well as in in vitro screening procedures. 
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